Anomalous magneto-optical Kerr hysteresis loops in Fe .25TaS2 
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We have performed magneto-optical Kerr spectroscopy measurements on intercalated transition- 
metal dichalcogenide Feo.2sTaS2 in the polar Kerr geometry as a function of temperature, magnetic 
field, and wavelength. The Kerr angle exhibits pronounced peaks at ~775 nm (1.6 eV) and ~515 nm 
(2.4 eV), which we attribute to spin-dependent interband optical transitions arising from states in 
the vicinity of the Fermi energy. Below the ferromagnetic transition temperature (165 K), we 
observe strongly wavelength- and magnetic-field-dependent Kerr signal. At a fixed wavelength, the 
magnetic-field dependence of the Kerr angle shows a clear hysteresis loop, but its shape sensitively 
changes with the wavelength. We propose a model that takes into account contributions from 
domain walls, which allowed us to derive a mathematical expression that successfully fits all the 
observed hysteresis loops. 

PACS numbers: 78.67.Ch, 71.35. Ji,78.55.-m 
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I. INTRODUCTION 

There has been much interest in the unique electronic 
and magnetic properties of transition-metal dichalco- 
genide (TMDC) compounds, TX 2 , where T is a 
transition-metal atom and X is sulfur, selenium, or 
tellurium* 1 ^ The extremely anisotropic crystal struc- 
tures of these layered materials provide a natural quasi- 
two-dimensional platform for the fundamental study of 
electronic transport and magnetism in low dimensions. 
In addition, the weak van der Waals interlayer bond- 
ing allows for intercalation of a variety of atoms, ions, 
and molecules^— which creates an unusually rich fam- 
ily of materials, encompassing insulators, semiconduc- 
tors, semimetals, normal metals, and superconductors. 
Charge density wave (CDW) states sometimes coexist, 
and compete with, superconductivity in a number of 
these materials, 9 while long-range magnetic order can oc- 
cur when TX2 is intercalated with 3<i-transition metals 
such as Mn and Fe. 

In Fe- intercalated TaS2, the Fe atoms form a superlat- 
tice when the atomic ratio x of Fe is either 1/3 or 1/A£^ 
X-ray diffraction measurements of Feo.2sTaS2 show that 
TaS2 has 2H structure and Fe ions occupy the octahe- 
dral sites between TaS2 layers, with a hexagonal axis 
length a' = 2aor^ where ao is the basic hexagonal lat- 
tice parameter of TaS2- Ferromagnetic order occurs in 
Feo.25TaS2 below 160 Ki 4 ' 10 : 11 Extremely sharp switching 
behavior in magnetization versus magnetic field curves 
has been observed, and coercive fields as high as 3.7 T 
have been measured at 2 K^S This sharp reversal of 
magnetization at low temperature was utilized to de- 
termine the ordinary and anomalous Hall coefficients in 
Hall measurements* 1 — More recently, the magnetic do- 
main structure of single crystal Feo.2sTaS2 was stud- 
ied by magneto-optical (MO) Faraday effect^ Real-time 
MO images revealed unusual dendritic domain structures 
and slow dynamics of domain formation and propaga- 
tion. However, to fully elucidate spin-dependent elec- 



tronic states in these compounds, wavelength-dependent 
MO measurements are needed. 

In this paper, we report results of detailed magneto- 
optical Kerr effect (MOKE) spectroscopy measurements 
of ferromagnetic Feo.2sTaS2. We observed that MO sig- 
nal strongly depends on the photon energy, temperature, 
and magnetic field. The Kerr angle exhibited pronounced 
peaks at ~775 nm (1.6 eV) and —515 nm (2.4 eV), which 
we explain in terms of spin-dependent interband opti- 
cal transitions involving electronic states in the vicin- 
ity of the Fermi energy. At each fixed wavelength, the 
magnetic-field dependence of the Kerr angle showed a 
clear hysteresis loop, but, strikingly, the shape of the hys- 
teresis loop was strongly wavelength dependent. Based 
on a model taking into account the contributions from 
domain walls, we derived a mathematical expression that 
successfully fits all the observed hysteresis loops. 



II. SAMPLE AND EXPERIMENTAL METHODS 

Single crystals of Feo.25TaS 2 were prepared by iodine 
vapor transport reaction in a closed silica tube, as de- 
scribed in Ref. [l(J The sample exhibited strong magnetic 
anisotropy with easy axis parallel to the crystallographic 
c axis and had a ferromagnetic transition temperature T c 
of -160 K. 

MOKE measurements were performed in the polar ge- 
ometry in which the light beam was nearly normal inci- 
dent on the sample surface. Details of the experimental 
setup are described in Ref. 13 White light from a 100 W 
Xe lamp was first focused into a monochromator. Light 
with a selected wavelength was then polarized with a 
Glan-Thompson polarizer and impinged on the sample. 
The reflected beam passed though a photoelastic modu- 
lator (PEM) and an analyzer, and then its intensity was 
detected with a Si photodiode. The current signal from 
the photodiode was amplified and converted into a volt- 
age and fed into two lock-in amplifiers. The two lock-in 
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FIG. 1: (color online) Strongly anisotropic magnetization ver- 
sus magnetic field (H) for the Feo.2sTaS2 sample at 135 K 
measured with H || c-axis (red squares) and H || a&-plane 
(black circles). Magnetic moment is negligible in the ab plane, 
indicating that the easy axis is parallel to the c axis. 



amplifiers were used to demodulate the signal. The first 
lock-in amplifier was referenced to the chopper frequency 
to provide a measurement of the average light intensity 
at each wavelength. The second lock-in amplifier was ref- 
erenced to the second harmonic of the PEM frequency to 
record the fast oscillating signal at 100 kHz. The Kerr 
rotation angle (9 k) was derived from the ratio of the two. 
The sample was kept in a helium-flow cryostat, allowing 
us to vary the temperature (T) from 10 K to 300 K. 
An external magnetic field was applied perpendicular to 
the sample surface and swept within the range between 
-2000 Oe and +2000 Oe. The Faraday rotation induced 
by the cryostat window was subtracted. Any polariza- 
tion anisotropy caused by components in the setup was 
carefully calibrated and subtracted to get the accurate 
Kerr rotation at each wavelength. 
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FIG. 2: (color online) MOKE spectra at (a) 170 K, (b) 165 K, 
(c) 100 K, and (d) 10 K in a magnetic field of ±1980 Oe. 
Temperature dependence of field-cooled (e) MOKE signal at 
510 nm and (f) MOKE spectra in a field of 1980 Oe from 
300 K to 10 K. 



III. EXPERIMENTAL RESULTS 

Magnetic moment versus magnetic field (H) curves 
at 135 K are shown in Fig. [TJ The moment is neg- 
ligibly small when the field is applied parallel to the 
basal plane. When H is perpendicular to the sample 
plane, a strong magnetization with an oblique hysteresis 
loop is observed, magnetic switching occurring gradually 
over a range extended from —1000 Oe to +1000 Oe. In 
the down-sweep direction, magnetization switching starts 
near 700 Oe and completes near —1300 Oe, with a coer- 
cive field of <~ 200 Oe. The remanent magnetization (at 
zero field) M r was about 17% of the saturation mag- 
netization M s . This switching behavior indicates that 
at this temperature (135 K) opposite domains nucleate 
before the field H changes its sign. Complete magnetiza- 
tion reversal consists of the formation and expansion of 



these opposite domains. This is consistent with the MO 
imaging results of Fen.25TaS2^ 

Representative MOKE spectra measured at 170 K, 
165 K, 100 K, and 10 K are shown in Fig. H The sam- 
ple was kept in a constant magnetic field (+1980 Oe or 
— 1980 Oe) when the temperature was lowered from room 
temperature to 10 K. The spectra obtained in the pos- 
itive and negative fields are symmetric about zero, as 
expected. The signal is absent at 300 K, starts appear- 
ing at 165 K, close to T c , and increases with further de- 
creasing temperature. The MOKE signal amplitude is 
largest near 510 nm and 770 nm and zero around 400 nm, 
600 nm, and 950 nm. These largest and zero wavelengths 
do not change as a function of temperature. Figure HJe) 
shows the MOKE signal at 510 nm taken while the sam- 
ple was cooled in the presence of a field of 1980 Oe. Fig- 
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FIG. 3: (color online) MOKE hysteresis loops measured at 
various wavelengths at a constant temperature of 135 K. The 
shape of the hysteresis loop changes drastically with wave- 
length. Solids curves are fits to the data, using Eq. [2] as 
discussed in detail in the text. 



ure [2jf) shows detailed temperature-dependent MOKE 
spectra in a field of 1980 Oe from T = 300 K to 10 K. 

The Kerr rotation signal was observed to vary in a 
highly complex and unusual manner when the magnetic 
field was swept, and the magnetic field dependence was 
sensitively wavelength dependent. Figures [3][a)-(h) dis- 
play representative Kerr hysteresis loops for Feo.25TaS2 
at selected wavelengths measured at a constant tempera- 
ture of 135 K. None of these hysteresis loops resemble the 
magnetization curve (Fig. [TJ. In addition, none of them 
is similar to each other. Even the effective "coercive" 
field is seen to vary with the wavelength. Furthermore, 
in some hysteresis loops, that at 590 nm, for example, the 
Kerr signal vanishes at the highest fields (±1980 Oe), but 
it exhibits a peak at intermediate fields (±1000 Oe). 



To further highlight these unusual wavelength- 
dependent hysteresis curves, Fig. @Ja) displays a contour 
map of the Kerr rotation angle as a simultaneous func- 
tion of magnetic field and wavelength, obtained at 135 K. 
Here, as we go from the left to right, the magnetic field 
changes from +1920 Oe (left end) to —1920 Oe, and then 
back to +1920 Oe (right end). The Kerr signal shows a 
complex pattern as a function of magnetic field, and the 
details sensitively change from wavelength to wavelength. 
As a comparison, Fig. 0Jb) presents MOKE data for fer- 
romagnetic Gao.976Mno.o24As in the same scheme as in 
Fig-IHa). It is clear that the hysteresis shape is constant 
in the case of Gao.976Mno.o24As, showing a wavelength- 
independent coercive field (~180 Oe), even though the 
signal size changes with the wavelength. 



) Feo.25TaS2 

down sweep 



up sweep 




1000 -1000 -1000 

Magnetic Field (Oe) 

(b) Ga 976 Mn 024 As 

down sweep 



1000 



up sweep 



900 



200 



-200 



-200 



200 




200 -200 -200 

Magnetic Field (Oe) 



200 



FIG. 4: (color online) (b) Contour plot of the measured 
Kerr angle as a function of magnetic field and wavelength for 
Fei/4TaS2 at 135 K. Magnetic field was swept from +1920 Oe 
to —1920 Oe, and back to +1920 Oe, completing a full cycle, 
(b) Data for a reference Gan.976Mnn.o24As sample showing 
standard hysteresis curves with no anomalies. 



IV. DISCUSSION 

A. Photon-energy-dependent Kerr angle 

Within the framework of band structure theory, the 
photon energy dependence of magneto-optical Kerr sig- 
nal is related to the difference of joint density of states 
(JDOS) between the spin-up and spin-down bands. Sim- 
ulations of MOKE spectra require the knowledge of the 
band structure of the material. There exists no report 
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on calculating the band structure of Feo.25TaS2, to our 
knowledge, while band structure calculations have been 
reported for similar compouns Fei/ 3 TaS2, Mn!/ 3 TaS2, 
and Mn 1 / 4 TaS2^ ' 14i:L5 The general features that are true 
for this group of materials are: (1) large spin splitting of 
transition metal (Fe or Mn) 3d bands; (2) hybridization 
of transition metal 3d and Ta 5d z 2 states; and (3) large 
DOS of transition metal 3d and Ta hd z i at the Fermi en- 
ergy. Thus, the transitions that contribute to the Kerr 
signals are those from the Fe 3d and Ta 5d z 2 near the 
Fermi energy to higher lying Ta 5c? states. 

We adopted the DOS results from Ref. [13 to get an 
estimate of MOKE spectra of Feo.2sTaS2 and compared 
that with our experimental data for fully magnetically- 
polarized samples. The spin-split DOS of Fc!/ 3 TaS2 
(not shown) can be decomposed into those for Fe, Ta(l), 
Ta(2), and S atoms. Here, Ta(l) and Ta(2) represent the 
two types of Ta atoms in the crystal lattice: Ta(l) atoms 
have no direct Fe neighbors, whereas each Ta(2) atom 
has one Fe neighbor. We make the following assump- 
tions: i) transitions occur within each kind of atoms, i.e., 
Fc — > Fe, Ta(l) — > Ta(l), and — >; ii) transition rate T 
equals JDOS; and iii) Kerr signal is proportional to the 
difference of spin-up and spin-down transition rate. As- 
sumption i) neglects the hybridization between the bands 
of different atoms. Assumption ii) neglects the different 
matrix elements for different kinds of atoms. Assump- 
tion iii) neglects the wavelength dependence of the pro- 
portionality coefficient. 

Using these results and the above assumptions, the 
JDOS was calculated through 

/•+5 oV 

JDOS(£) = / BOS(E 1 )-DOS(E 1 +E)dE 1 . (1) 

J-5 cV 

The calculated JDOS is plotted in Fig. [5J together with 
the experimental MOKE spectrum at f40 K. There is 
qualitative agreement between them, and the essential 
spectral features in the experimental spectrum are cor- 
rectly captured by the calculation. In particular, there is 
a peak at 2.4 eV in both cases. 



B. Anomalous hysteresis loops 

It is usually true that the MOKE angle measured in the 
polar Kerr geometry is proportional to the magnetization 
(M) perpendicular to the sample surface. 16 However, this 
general rule is obviously not held in our data, comparing 
the magnetization curve (Fig. Q]) and MOKE hysteresis 
curves (Fig. [3]). 

To explain the observed abnormal Kerr hysteresis 
loops, we propose a contribution to the Kerr signal that 
is additional to the part proportional to M. We use the 
following fitting function for the MOKE signal: 

MOKE(iJ) = A ■ erf + B . , (2 ) 




Photon Energy (eV) 



FIG. 5: (color online) The difference in JDOS between the 
spin-up and spin-down bands calculated for Feo.2sTaS2 (left 
axis), together with the experimentally measured MOKE 
spectrum at 140 K in an external magnetic field of 1980 Oe 
(right axis). 

where A, H Cl H v , and B are fitting parameters, while 
M(H) is the magnetization and M s is the saturation 
magnetization value; M(H)/M S versus H can be ob- 
tained from the data in Fig. [T] Applying Eq. ([2]) to 
fit all the MOKE hysteresis loops, we obtained approxi- 
mately wavelength-independent fields H c w 1.2±0.1 kOe 
and H v w 0.10 ± 0.03 kOe. The fitting curves reproduce 
the observed hysteresis loops for all the wavelengths, as 
shown as solid lines in Fig. [3] Figure [5] shows the depen- 
dence of the fitting parameters on the wavelength. 

C. Microscopic model 

In order to get a better understanding of the data, 
we propose the following model. During a field scan, 
spin- up domains and spin-down domains coexist. Let 
us assume that V+ out of the total sample volume Vo 
is occupied by spin-up domains, and define a partition 
number / = V+ /Vo- Then, the spin-down domain volume 
is V- = Vq — V+ with partition number (1 — /). The total 
magnetization can be expressed as 

M = f,x(V + -V-) = nV (2f - 1) - M s (2f - 1), (3) 

where fi is the magnetic moment per unit volume and 
M s is the saturation magnetization. 

Since M is a function of H, f is also a function of H: 

Let 9k be the microscopic Kerr angle in a single domain. 
If domains were large and domain walls constituted only 
a small fraction of the sample, then one could neglect 
the dependence of 0k on the size of the domain. How- 
ever, due to the special dendritic structure of the do- 
mains in the present material^ domain walls occupy a 
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FIG. 6: (color online) Spectral dependence of the fitting pa- 
rameters used in Eq. ((2} to fit the MOKE hysteresis loops in 
Fig. Green circles and black triangles represent the down- 
sweep and up-sweep, respectively. 



the bulk sample. Thus, a± and 9k have the normal val- 
ues a± and 9 K . In the general case (3), a± and 9k are 
between the reduced and normal values. Let us assume 
that the change of 9k from the reduced value 9 r K to the 
normal value 9 K can be described by an error function 



erf (9) = erf 



H — H a 
V2H v e 



(6) 



There is no microscopic reason to justify this particular 
type of dependence on the magnetic field, but we expect 
that any smooth function that can interpolate between 
9 r K and 9 K will capture the effect of domain walls. Defin- 
ing 



1 K 
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' K 



\{e°K + e r K ), 
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we can express 



1k(V+/V ) 
WV-fVo) 



= + erf (0), 



9 s 



(7) 
(8) 



(9) 
(10) 



? K x erf(0). 
Substituting the above in Eq. ([5]), we have 

®k = f(e K + e K exf(e)) + (i-f)(-e s K + e K exi(9)) 

= f^erf (9) + (2/ - 1)9 S K 



(11) 



significant fraction of the total sample size, and their ef- 
fect cannot be neglected. Let us introduce 9k(V±/Vo), 
which corresponds to averaged Kerr angles for positive 
and negative domains, taking into account effects of do- 
main walls. Since the relative volume fraction of domain 
walls depends on /, the averaged Kerr angles will also 
depend on it. The measured Kerr angle @k is the result 
of averaging over both types of domains: 

Qk = f0 K (V+/V o ) + (1 - f)0 K (V-/V o ). (5) 

Because 9k is proportional to the difference of absorp- 
tion coefficients between right and left circularly polar- 
ized light, i.e., (a + — a-), it is determined by the differ- 
ence of joint density of states of spin-up and spin-down 
bands. Consider the three situations: (1) 1 ^> / > 0, (2) 
/ =1, and (3) < / < 1. In the first case, a small spin- 
up(+) domain is nucleated inside a single spin-down(-) 
domain. Due to the finite size of the positive domain and 
the nearby domain walls, the spin-split band structure 
can be shifted compared to the bulk sample consisting of 
a single positive domain. Therefore, the absorption co- 
efficients have reduced values a!j_ , resulting in a reduced 
Kerr angle 9 r K . In the second case, a single domain of 
spin-up is formed. The band structure is the same as 



We immediately see that Eq. (fTTj) agrees with our fitting 
equation [Eq. ([2])]. The consistency of our interpretation 
of the origin of fitting terms in Eq. ([2]) also implies that 
H c and H v are roughly independent of the wavelength, 
which is demonstrated by the extracted fitting parame- 
ters in Fig. |6l 



V. CONCLUSIONS 

We have used magneto-optical Kerr spectroscopy to 
investigate Feo.2sTaS2 with out-of-plane anisotropy as a 
function of temperature (10 K to room temperature), 
magnetic field (±1980 Oe), and photon energy (^1.4- 
3 eV). We attributed the optical Kerr signal to the in- 
terband transitions and explained the spectra with the 
difference of the joint densities of states of spin-up and 
spin-down bands. This successfully captured the spectral 
peak position and qualitatively reproduced the experi- 
mental results. At a fixed wavelength, the magnetic-field 
dependence of the Kerr angle showed a clear hysteresis 
loop, but its shape sensitively changed with the wave- 
length. We proposed a simple mathematical expression 
for fitting all the hysteresis loops and provided a physical 
description based on domain wall physics. 
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